Effective treatment of obstructive sleep apnea (OSA) is an important goal due to its impact on quality of life, and the known cardiovascular and neurocognitive consequences of this common chronic disease. OSA is also associated with an increasing economic and social burden, estimated to be over $12 billion in the US in 2015. 1 Continuous positive airway pressure (CPAP) has excellent efficacy for controlling OSA, but its effectiveness is limited by variable adherence to therapy. The fact that CPAP devices objectively record usage data provides a unique opportunity to monitor adherence. A recent systematic review demonstrated that CPAP adherence did not increase across clinical trials over the last 20 years despite continuous improvement in technical innovation and support. 2 Studies included in the systematic review were generally small and often performed under close monitoring conditions that are not reflective of real world usage. Therefore, such approaches may not be generalizable or sustainable. Moreover, randomized controlled clinical trials typically exclude severe patients, including those with profound sleepiness or at high risk of complications, making participants less representative of typical clinical practice. Advances in technology, intensive support, and patient/provider education are all thought to improve adherence to CPAP therapy. Recent digital health innovation using patient engagement tools has also been associated with improved CPAP use compared with usual care. 3 There is a need for physicians, payers and policy makers to have access to real world data on CPAP adherence in order to opmitize models of care and patient outcomes. Hence, the aim of this study was to define CPAP adherence over the first 90 days using data from a large cloud database, as reflective of current technology and real-world clinical care.
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Background
Effective treatment of obstructive sleep apnea (OSA) is an important goal due to its impact on quality of life, and the known cardiovascular and neurocognitive consequences of this common chronic disease. OSA is also associated with an increasing economic and social burden, estimated to be over $12 billion in the US in 2015. 1 Continuous positive airway pressure (CPAP) has excellent efficacy for controlling OSA, but its effectiveness is limited by variable adherence to therapy. The fact that CPAP devices objectively record usage data provides a unique opportunity to monitor adherence. A recent systematic review demonstrated that CPAP adherence did not increase across clinical trials over the last 20 years despite continuous improvement in technical innovation and support. 2 Studies included in the systematic review were generally small and often performed under close monitoring conditions that are not reflective of real world usage. Therefore, such approaches may not be generalizable or sustainable. Moreover, randomized controlled clinical trials typically exclude severe patients, including those with profound sleepiness or at high risk of complications, making participants less representative of typical clinical practice. Advances in technology, intensive support, and patient/provider education are all thought to improve adherence to CPAP therapy. Recent digital health innovation using patient engagement tools has also been associated with improved CPAP use compared with usual care. 3 There is a need for physicians, payers and policy makers to have access to real world data on CPAP adherence in order to opmitize models of care and patient outcomes. Hence, the aim of this study was to define CPAP adherence over the first 90 days using data from a large cloud database, as reflective of current technology and real-world clinical care.
Methods
We assessed de-identified data from a large cloud database of positive airway pressure (PAP) users to examine adherence to therapy during the period 1-Oct-2014 to 31-Oct-2017. AirView (ResMed Inc., San Diego, USA) is a HIPAA-compliant web-based solution for healthcare specialists intended to transfer and display device and therapeutic information that has been transmitted remotely from the patient's therapy device. All Air10 platform PAP devices (ResMed Inc., San Diego, USA) have an on-board mobile communications chip which connects to the secure cloud infrastructure automatically. Patient compliance and therapy data are uploaded daily, typically within one hour after each therapy session. All AirView communication and storage is encrypted to meet required international privacy and security standards. The AirView database is hosted in a secure facility in the USA. Patients on the AirView platform in the USA are managed by private and academic sleep centres, home medical equipment providers (HMEs) and primary care offices, with a wide geographical distribution. Compliance data are automatically provided to the HME to facilitate patient care, and the patient can also nominate their caring physician to access the data. The information provided includes usage data and therapy issues (eg. high mask leak, high residual AHI or central apnea index). Approximately 98% of Air10 devices setup with patients have data in AirView. The HME gives permission to ResMed to de-identify protected health information in accordance with 45 C.F.R. § 164.514(b) and use such deidentified data for analytics by ResMed. The HME is responsible consenting each patient and approximately 96% of records are thereby included. The Air10 platform became available in August 2014, and was rapidly adopted such that older devices currently represent <0.2% of M A N U S C R I P T
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devices setup in the USA. Mobile communications costs are not borne by the patient but are purchased by the HME as part of their population management process. Furthermore, a patient engagement tool, My Air (ResMed Inc, San Diego, USA), became available in October 21 2014 and the iOS app became available August 2016. Patients do not pay for access to MyAir irrespective of HME signup.
Patients were included if they were adults >18 years, started treatment on the AirSense/AirCurve 10 (ResMed Corp) PAP platform (Air10) within the US, were registered on the cloud database by their HME, and if they used a single PAP modality for ≥1 hour during the first 90 days of therapy. The one hour threshold was chosen to minimise selection bias while ensuring that machine calculated parameters such as AHI and respiratory rate are averaged over a sensible minimum timeframe. The primary outcome was adherence, which was defined using the US Center for Medicare and Medicaid Services (CMS) definition (≥4 hours' PAP use on 70% of nights in a consecutive 30-day period in the first 90 days of therapy). The time to achieve CMS compliance was taken as the number of days taken from first day of use to the day at which the compliance threshold was met. The study was reviewed by an Institutional Review Board (IRB) and deemed exempt from IRB oversight.
All data were analysed in a secure, anonymised database physically separate from the main production server. Statistical analyses were performed using the R language (R development core team). Missing compliance data are imputed as zero. The first day of therapy is taken as the patient AirView setup date. For other data fields, including clinical metrics and respiratory events, missing data are not imputed and not included in calculations of mean values, standard deviations and proportions.
Results
During the period of analysis, 2.62 million patients met the inclusion criteria. 23.4% of patients were excluded for the following reasons: >1 HME (1.9%), invalid data entry (10.1%), more than one PAP modality used or data from SD card (9.2%), age ≤18 years (0.7%), <1 hour usage in first 90 days (1.4%). The mean (±SD) age was 55.7 ± 13.8years. The following single PAP modalities were used: APAP (50%), CPAP (41%), bilevel (5.6%), bilevel Auto (2.4%), ASV (0.7%), ASV Auto (0.5%).
The observed 90-day PAP adherence rate using the CMS definition was 75%. Participants used PAP on a median 93% of nights for a mean of 5.1±2.5 (SD) hours/night across all nights and 6.0±2.0 hours/night on nights used (see Table 1 ). The median proportion of days with non-zero usage was 93.3%. A histogram of CPAP usage is shown in Figure 1 . The mean residual AHI was 3.2 ± 4.5 events/hour. The mean 95 th percentile pressure (CPAP and APAP) was 10.9 ± 2.8 cmH2O. The mean 95 th percentile leak of 22.8 ± 19.6 L/min.
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Discussion
To our knowledge this is the largest analysis of objective CPAP usage ever undertaken using real world data. The short term adherence rate of 75% in this analysis appears higher than is generally acknowledged in clinical practice and reported in the literature. The observed treatment characteristics in our study demonstrate excellent efficacy during therapy, with a mean residual AHI of 3.2/hour and acceptable leaks. The mean usage of 5.1 hours is also higher than that found in a meta-analysis of 82 clinical trials (weighted pooled mean of 4.6 hours/night). 2 Among larger CPAP trials, a study of a social cognitive theory intervention involving 206 patients found that 55.2% of patients achieved >4hours use per night with standard care at 3 months 4 . The APPLES study (n=443 active CPAP) found that 42% achieved the MCS adherence threshold at 6 months 5 . More recently, a randomized controlled trial of telehealth strategies in 1455 patients found that 54% in the usual care group achieved MCS adherence at 90 days, rising to 73% in the telemedicine group, who received education and automated feedback 6 .
Given that OSA is a chronic disorder associated with considerable morbidity and mortality, there is an imperative to optimize adherence to therapy. The observed adherence rate in this study compares favorably to that reported for pharmacotherapy in other chronic diseases. For example, high non-adherence rates have been reported for the use of inhalers in asthma (>50%) 7 and COPD (77%) 8 , and medication use in hypertension (45%) 9 , diabetes (7-64%) 10 and epilepsy (38%) 11 . Poor adherence to prescribed medications accounts for substantial worsening of disease, death, and increased health care costs.
The long-term effects of suboptimal PAP adherence bring to light the health related impact of untreated OSA. It is not sufficient simply to prescribe a PAP machine and consider the patient to be treated. There are many factors influencing PAP adherence, both medical and non-medical (e.g. psychosocial), and that these need to be considered when both prescribing CPAP as well as designing cost-effective interventions to improve adherence. We believe that big data analysis such as the one reported here can offer new and important insights to enhance PAP adherence.
There is a need for health care systems to embrace digital information that can enhance patient engagement and outcomes of therapy. Although there are many challenges related to ethics, data ownership, storage, usage, and reimbursement that require clarification 12 , sleep medicine is well placed to develop new chronic disease models of care, enabled by digital health data such as CPAP adherence. It is critical that progress is based on ethical patient-centered principles, to safe-guard against the misuse of "big data." It has been proposed that academic-industry partnerships offer a path to maximise the benefits that are achievable from appropriate use of such data, provided there are rigorous controls on who can access the data and for what purpose it is used 13 .
Although our study has a large sample size there are important limitations that need to be considered. The observational nature of the study raises potential for important biases. Firstly, we do not have data about patients who may have been prescribed treatment but M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT did not proceed with it. Prior studies suggest that up to 24% of patients may not fulfill their PAP prescription 14 and a proportion of patients may not even turn on their PAP machine. Exclusions related to invalid data entry may have further biased the sample. In addition, we lack detailed knowledge about participants' demographic and clinical characteristics because these data are not available in the database and cannot be linked to existing data due to privacy issues.
Notwithstanding these important limitations, using a big data approach we observed excellent adherence among patients initiating PAP therapy, with 75% of patients achieving the CMS compliance threshold. This adherence rate compares favorably to those reported in the OSA literature, as well as with other chronic medical therapies. The large sample size in this study suggests that the findings are likely to reflect real world clinical care in the US. Future work is needed to examine longer term adherence to PAP therapy and outcomes. Effective treatment of obstructive sleep apnea (OSA) is an important goal due to its impact on quality of life, and the known cardiovascular and neurocognitive consequences of this common chronic disease. OSA is also associated with an increasing economic and social burden, estimated to be over $12 billion in the US in 2015. 1 Continuous positive airway pressure (CPAP) has excellent efficacy for controlling OSA, but its effectiveness is limited by variable adherence to therapy. The fact that CPAP devices objectively record usage data provides a unique opportunity to monitor adherence. A recent systematic review demonstrated that CPAP adherence did not increase across clinical trials over the last 20 years despite continuous improvement in technical innovation and support. 2 Studies included in the systematic review were generally small and often performed under close monitoring conditions that are not reflective of real world usage. Therefore, such approaches may not be generalizable or sustainable. Moreover, randomized controlled clinical trials typically exclude severe patients, including those with profound sleepiness or at high risk of complications, making participants less representative of typical clinical practice. Advances in technology, intensive support, and patient/provider education are all thought to improve adherence to CPAP therapy. Recent digital health innovation using patient engagement tools has also been associated with improved CPAP use compared with usual care. 3 There is a need for physicians, payers and policy makers to have access to real world data on CPAP adherence in order to opmitize models of care and patient outcomes. Hence, the aim of this study was to define CPAP adherence over the first 90 days using data from a large cloud database, as reflective of current technology and real-world clinical care.
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